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Abstract

Access to the television white space by white space devices comes with a
major technical challenge: white space devices can interfere with existing
television signals. Two methods have been suggested in the literature to help
white space devices identify unused channels in the TV frequency band so that
they can avoid causing harmful interference to primary users; geo-location
spectrum database and spectrum sensing. Discussions in the literature have
placed much emphasis on the limitations of the spectrum sensing approach
mainly from the perspective of the developed world environment in which its
drawbacks are significant. Little attention has been placed to the limitations
of the geo-location database approach when applied in a developing regions.
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This paper considers a broader analysis of the approaches by looking at factors
that can affect their performance and how the presence or absence of these
factors in adeveloped region or developing region can affect their applicability.
In so doing, the paper highlights the need to conduct more research on
the performance of spectrum sensing in developing regions where there are
much less TV broadcasting stations and therefore, white spaces are more
abundant.

Keywords: Geo-location database, spectrum sensing, performance factors,
best approach.

1 Introduction

The radio frequency spectrum is a limited resource and most of the useful
part is already allocated to different wireless services. As a result, it is
now becoming difficult to find useful vacant bands to either deploy new
wireless services or enhance the existing ones [1]. The scarcity of the radio
frequency spectrum scarcity has the potential to hinder the development of
future wireless communication systems [2, 3] if alternative means of sharing
the already allocated useful part of the radio frequency spectrum is not found.
Faced with the limitation of the natural radio frequency spectrum and the
increase in demand for it, work is being carried out by research institutions
and other stakeholders to find new and innovative techniques that can offer
ways of sharing the already allocated radio frequency spectrum. In this quest,
government institutions, research institutions, and other stakeholders around
the world have performed measurements and studied the occupancy of the
already allocated part of the radio frequency spectrum. The measurements
have revealed that most of the allocated radio frequency spectrum is heavily
underutilized except for the radio frequency spectrum allocated to cellular
technologies, and the Industrial, Scientific and Medical (ISM) bands [4]. The
underutilization is more apparent in the TV broadcasting frequency band
where it has shown to be unused [5-8] most of the time. These unused
radio frequency spectrum in the Ultra High Frequency (UHF) TV radio
frequency band (so called TV white spaces) have been suggested as the
solution to meet the growing demand for the wireless data transmission and
have the potential to boost broadband communication in both rural and urban
areas to support applications that can benefit communities such as drought
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mitigation [9, 10], community healthcare [11, 12], smart parkings [13],
and many others. An efficient long-term solution that has been proposed
for accessing the radio frequency spectrum is dynamic spectrum access (DSA)
[14], in which devices are able to make real-time adjustment of spectrum
utilization in response to changing environment using cognitive radio (CR)
technology. Currently, CR technology has not been adopted yet as the technical
details for its implementation have not been completely solved. The TV
broadcasters are primary users (often called incumbents) in the frequencies
bands allocated to them in each country, and therefore, any secondary user
(like the TV white space devices) of these bands must provide assurances
that will not cause interference to the primary user (the TV broadcasting
receiver).

Detecting the TV white spaces (TVWSs) or vacant channels in the TV radio
frequency band is difficult as the vacant channels vary according to location
and time of the day. This places a ‘must do’ requirement on any secondary
user device to check if a primary user signal is present in a channel before it
goes ahead using it. Two techniques have been suggested in the literature to
help white space devices (WSDs) do this: geo-location spectrum database and
spectrum sensing. Discussions in the literature, which are based mainly on the
developed world environment, have placed much emphasis on the limitations
of the spectrum-sensing approach. This may have been the case because the
idea to use TV white space (TVWS) originated from the developed world and
the initial experiments were conducted there. Some performance requirements
specific to developing countries have not been discussed in the literature
clearly. The presence or absence of these requirements in a region could
potentially affect their performance. This paper considers a broader analysis
of each approach by looking at factors that can affect their performance in
developing region.

The rest of the paper is structured as follows; Section 2 gives a general
discussion of the two approaches. This is followed by a discussion of the
relevant performance factors of the approaches, provided in Section 3, and a
discussion of what is considered to be the best approach, in Section 4. Section 5
provides evaluation of the approaches by comparing path losses derived from
measurement data versus predicted path-loss values of some propagation
models being suggested for used in geo-location databases. Section 6 compares
our experiment with similar experiments conducted in other countries in
terms of equipment used and the results obtained and Section 7 concludes
the paper.
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2 Detection Techniques

Two approaches have been proposed to allow WSDs assess the available
TVWS in the TV frequency band. The first approach relies on a database with
information about known primary transmitters and the application of some
propagation loss model to predict the value of the primary user signal at any
given point in time (geo-location spectrum database approach). An alternative
is to use one device or a network of devices to physically scan the radio waves
to detect the presence of TV signals (spectrum sensing approach).

2.1 Geo-Location Spectrum Database

Figure 1 shows a simple implementation of the geo-location database
approach. The approach requires a white space device (WSD) to send a query
to a geo-location database of known TV transmitters in order to determine
the available spectral opportunities at a given location. Before the WSD can
query a geo-location database it needs to be authenticated first by registering
with the database. After registering with the database, the WSD can now
query the database for available channels by sending its location, demand,
and other optional information such as device type and location accuracy
[15] to the database. The WSD determines its location through a geographical
positioning system (GPS) or via a base station that it is associated with [16].
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Figure 1 Geo-location database implementation.
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The database responds to the WSD query with details of available white spaces
(e.g., frequencies and transmission power limits) at the WSDs location [15].
The WSD selects a channel for its operation (or it decides not to select any
channel) and inform the database about its selection by sending the number
of the selected channel and information about itself such as device type and
number, transmit power, etc., [17] to the database. The database then register
the WSD (if necessary) and indicates that the selected channel is used by the
particular WSD [18]. All this communication happens over the Internet, thus
imposing a significant limitations to places where Internet access is poor. The
database is also dynamically updated over the Internet with the incumbents
information so that the information it contains remains valid.

To identify white spaces over the TV frequency bands, the geo-location
database stores a set of transmission parameters of known TV transmitters and
their primary operational characteristics and translates that information into a
list of allowed frequencies and associated transmit powers to the WSD [18]
using propagation models. Some of the primary TV transmitter operational
characteristics stored by the database include location, antenna parameters
(radiation pattern, height), transmit power, times of operation, protection
requirements, frequency of operation and other related parameters. The propa-
gation models can be statistical, based only on distance and frequency, or they
can based on ray tracing techniques that require detailed information about
the terrain elevation in the area of interest. Therefore, correct identification
of the presence of a TV signal at a given location depends on the fidelity of
the database information and quality of the propagation model used to predict
signal coverage [14].

2.2 Spectrum Sensing

Sensing the spectrum using a detector is another method of determining
spectrum availability. In this approach, the detector does not know any
information about the locations of TV transmitters and their transmission
powers. The protection of the TV user is estimated from the measurements; if
the measured signal level is so low to make it unusable by a TV receiver, the
spectrum is assumed to be free, and therefore, available for secondary users
can for TVWS transmission [19, 20].

In general, sensing methods can be divided into two categories: energy
detection and feature detection. The energy detection can be performed with
a spectrum analyzer like the Radio Frequency (RF) Explorer (see Figure 2),
while feature extraction is based on specific characteristics of the type of signal
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Figure 2 RF explorer.

to be detected and is therefore, more sensitive but also more complex. With
the appropriately detection threshold, the secondary user can identify TVWSs
accurately and be able to transmits in those bands without causing interference
to the primary users [14]. Energy detection is the commonly proposed method
due to its simplicity. It works by measuring the energy contained in a spectrum
band and then comparing that with a set threshold value. If the energy level is
above the threshold value, then the primary user signal is considered present
otherwise the spectrum band is considered vacant.

3 Relevant Performance Factors

The optimal performance of each approach is dependent on the presence or
absence of certain factors the will be discussed in the next section. The list may
not be exhaustive and only includes factors deemed relevant to this discussion.

3.1 Performance Factors: Geo-Location Database Approach

An overview of the geo-location database approach is provided in Figure 3,
which includes the factors deemed to be relevant to its performance. These
factors must be present to optimize its performance.

3.1.1 Propagation models

The statistical propagation models are empirical models based on extensive
measurements taken in real environments [21, 22]. Their predictions are
more accurate if they are used in the environments in which they were
developed for and in other similar environments. In those environments, the
prediction results are close to ground truth, i.e. measured data. However,
any propagation model is affected by different factors, for example, terrain
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Figure 3 Overview of geo-location database approach.

elevation, terrain shapes, and environment changes [23], and as such, their
accuracy in predicting signal attenuation over distance suffers greatly when
they are used in environments other than the ones they were initially built for
[24, 25]. So a ray tracing propagation model that uses elevation information
and local terrain environment can be better in arbitrary locations [23].

3.1.2 Internet backbone infrastructure

Efficient and frequent communication between WSDs and the geo-location
database is required in the database method if interference to incumbent is
to be avoided. The master WSD must be able to determine its geographical
position, which is often obtained by fitting it with a GPS receiver as depicted in
Figure 1. The primary incumbent must also be able to send updated information
about their broadcasting usage to the database. This means that the WSD must
have a way to communicate to the database server before being able to use the
TV frequencies. This implies the requirement of an alternate communication
system, which adds complexity and cost to the device. Data connectivity is an
issue in most developing world countries especially in the rural areas.

3.1.3 Existence of detailed TV database information

The fidelity of TV database information also plays a role in the correct
identification of the presence or absence of a TV signal at a given location.
Unavailability of nationwide transmitter information such as location, output
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power, antenna height and radiation pattern, etc., can limit the use of geo-
location database approach. Spectrum regulators in many countries, especially
in developing regions, often lack this detailed information. Furthermore,
information regarding spectrum usage in neighbouring countries is required
to assess spectrum occupancy in areas close to international borders. This
entails another layer of complexity, requiring exchganging information among
government agencies from different countries.

3.2 Performance Factors: Spectrum Sensing Approach

An overview of spectrum sensing approach is provided in Figure 4. It
summarizes the factors that affect its performance, which are discussed in
more detail in subsequent subsections.

3.2.1 Multi-path fading and shadowing

Signals experience multi-path fading and shadowing due to obstacles in their
path such as buildings as they propagate through the wireless medium. Such
effects may lead to a scenario called the hidden user problem or hidden
terminal problem [26] where a WSD is unable to detect the presence of a
primary signal in a channel. This could happen for instance if the sensing
device is indoors at ground level, where the signal is lower than the one
that could be captured by an external TV antenna on a roof. This leads
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Figure 4 Overview of spectrum sensing.
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to misinterpretation of measured data by the WSD which could start to
transmit, causing interference to the primary user. These effects can be severe
in places where there are a lot of obstacles such as tall buildings or hills.

3.2.2 Detection threshold

The value chosen as the detection threshold has a major impact on the
performance of spectrum sensing equipment. If the value is too high, the
technique fails to detect the presence of a TV signal in a channel thereby
causing harmful interference to the incumbent, and if the value is too low,
it results into false detection due to the ever present electromagnetic noise,
when actually there is no TV signal in the channel, precluding the use of an
available resource. The challenge is to come up with a threshold value that
is optimal such that there is no harmful interference to the primary users or
any missed opportunities by secondary users. Often there is no threshold that
simultaneously gives low false positives and low false negatives. The Federal
Communications Commission (FCC), the US regulator, mandates a sensing
sensitivity threshold of —114 dBm by WSDs, which is considered as way
too conservative by many in the literature and leads to waste of TVWS as
well as increased complexity in the sensing device [4, 23, 27, 28]. In terms
of protecting primary TV services from interference, higher threshold values
might be cause of interference while lower threshold values lead to inefficient
spectrum utilization.

4 So,What Is the Best Approach?

Since optimal performance of each approach is dependent on some factors that
may not be present in some regions, neither approach can produce superior
performance in all possible regions. For example, in regions or countries
where propagation models have been tried and tested extensively such that
their prediction results are close to ground truth data, there is reliable Internet
backbone infrastructure and a centralized detailed TV database information
is also available, the geo-location database approach is expected to perform
better than spectrum sensing. That could be the case with developed regions
such as the US and Europe where all the three factors are present. It is
therefore not surprising that the geo-location database approach is being given
preference as the main technique of finding TV white spaces [29—32] in those
regions. However, conditions in developing regions are quite different from
developed regions. Internet backbone infrastructure is poor and unreliable,
especially in the rural areas; propagation models have rarely been tested there
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so that their behaviour is unclear at the moment; spectrum usage information is
scattered and stored in many formats, electronic and paper, and the regulators
have not collected it into a useful centralized database that is publicly
available.

Therefore, when these conditions prevail, the use of a geo-location
spectrum database approach may not produce optimal results.

Fading, shadowing and the hidden user problem, relevant to spectrum sens-
ing, can be severe in the developed world because of many tall buildings, which
are also close together. Consequently, primary TV signals are difficult to detect
accurately by spectrum sensing alone and could result in harmful interference
to users who have deployed TV receiving antennas in the top of their buildings.
Therefore, performance of spectrum sensing in urban areas may be low. On the
contrary, rural areas, especially those of developing world countries, where
white space could be used to provide broadband connectivity, are sparsely pop-
ulated with small isolated traditional building structures, which are unlikely
to cause considerable fading, shadowing or bring about the hidden user
problem.

Most rural areas of developing regions, for example sub-Saharan Africa,
have vast tracts of unused spectrum in the UHF band [33]. Furthermore,
cooperative spectrum sensing reduces errors in spectrum sensing caused
by multi-path fading and offers a possible solution to the hidden user
problem.

There are some additional factors that can come into play when decid-
ing which technique to use, apart from the above-mentioned performance
factors. One such metric is the cost to implement, maintain, and administer
the approaches. Gonc,alves and Pollin [32] did a thorough analysis and
comparison of the cost and performance of local sensing, distributed sensing
and geo-location database and concluded that geo-location database solution
will incur additional infrastructure, maintenance and administrative costs
compared to a distributed sensing solution. The additional infrastructure costs
will be incurred in setting up database infrastructure, backups, redundancy,
information technology support capabilities and additional maintenance costs
will be incurred in database updates and data accuracy checks [32]. The
coordinated activities among regilators, white spaces service providers, white
spaces database providers and consumers in geo-location database also entails
additional administrative costs in terms of subscription fees, registration fees
or license fees [32], etc. Distributed sensing does not incur these additional
costs since no other form of infrastructure or coordination among licensed and
unlicensed users is required [32]. Consequently, the associated costs of the
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two approaches too are likely to make spectrum sensing a more favourable
approach to the developing world as most countries in this region may not
have the necessary infrastructures to support geo-location database approach
at present.

5 Ground Truth Evaluation

Since there are no propagation models clearly known to perform better in
regions of the developing world that can be used in geo-location databases,
the first step that countries in these regions should take is to perform extensive
spectral measurements and compare values of the path losses obtained from
the measurements against those estimated by propagation models suggested
for use in geo-location databases. Accordingly, the authors did a limited phys-
ical evaluation of the approaches by conducting spectral measurements and
comparing values of the path losses obtained from the measurements against
those estimated by some common propagation models. The experiments were
conducted in the city of Cape Town in South Africa. This section gives a
detailed discussion of how the whole process was carried out.

5.1 Propagation Models Examined

Six propagation models were examined and compared with values from
measurement data; F(50,50) National Television System Committee (NTSC)
analog TV service curve for TV channels 14 through 69, Longley-Rice
(Irregular Terrain Model), Hata for urban areas, Egli, Ericsson 9999 and Free
Space Path Loss (FSPL). A brief discussion of each of the models follows.

5.1.1 F(50,50) curves

Itis the FCC contour method of NTSC analog TV service coverage prediction
in the form of propagation prediction curves derived through computer
modeling. The propagation curves are used to construct field strength contour
maps that predict coverage over average/moderate terrain in the absence of
interference from other television stations [34]. The method is based on the
approximation that the field strength is inversely proportional to the distance
from the transmitter in the absence of interference from other sources over
average terrain gradations [34]. The method works better on moderate terrain
while mountainous terrain and excessively smooth terrains cause some issues
[35]. The F(50,50) field strength curves determine the mean field strength
value that will be meet or exceeded at the best 50% of the locations for at least
50 % of the time.
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5.1.2 Longley-Rice (L-R)

Itis a very detailed model developed in the 1960s and has been refined over the
years. It calculates the median transmission loss by using the path geometry
of terrain profile and the refraction of the troposphere. It also accounts for
climate, and subsoil conditions when predicting the path loss. Because of the
level of detail in the model, it is generally applied in the form of a computer
program that accepts the required parameters and computes the expected path
loss [36]. In this paper we use the Radio Mobile Network Planning tool
[37] which implements the L-R model to simulate the radio frequency (RF)
propagation.

5.1.3 Hata for urban areas

It is a refinement of the Okumura model and sometimes called Okumura-
Hata model. This model incorporates the effects of diffraction, reflection and
scattering caused by city structures [38]. It is suited for both point-to-point
and point to multipoint transmissions. Its expression for urban areas is given
in Equation 1.

PLiua(dB) = 69.55 + 26.16l0gi0 farr: — 138200gi0he ()
— a(hr) + (44.9 — 6.55l0g10ht)loglodkm

where h; and h, are base station and mobile antenna heights in meters
respectively, dy,, is the link distance, farfr. is the frequency of transmission
over channel i in the band.

The term a(h,.) is an antenna height-gain correction factor that depends
upon the environment [39]. It is equal to zero for s, = 0 otherwise it is equal
to 3.2(log1011.75h,.)? — 4.97 with fasrr. > 300, which was the case in our
situation.

5.1.4 Egli

It is a model that assumes gently rolling terrain between transmitter and
receiver, and does not require the terrain elevation data between them.
It is normally used for point-to-point communication. It is applicable in
scenarios where there is line-of-sight (LOS) transmission between one
fixed antenna and one mobile antenna, and where transmission has to go
over an irregular terrain. The model is not applicable to rugged terrain
areas and where there is significant obstruction such as vegetation in the
middle of the link [40]. Its equations for the propagation loss is given
as follows:
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fr = 20logrofymE, + P, +76.3: h,. < 10 @)
| 20logi0 farms + Py +83.9 : by < 10
PO = 4010910dk:m — 20l0910ht — 1010910h7~ (3)

where farr . is the frequency of transmission, dy,, is the link distance, A is
the base station antenna height in meters and h, is the mobile station antenna
height in meters.

5.1.5 Ericsson 9999

The model was developed as modification and extension of Okumura-Hata
model. The model allows adjusting parameters according to a given scenario.
The path loss equation as evaluated by this model is given as:

PLEricssan = ao + ailogiodim + a2logiohs + azlogiohy
% 10g10dgm — 3.2(log1o(11.75 * b))% + g(f) 4)
g(f) = 44.9900g10 fars. — 4.78(logro farrz)? 5)

where dp,, is the distance between transmitter and receiver, /g, is the
transmission frequency, /4 is the base station antenna height, 4, is the receiver
terminal antenna height.

ap, ai, az and az are model parameters and they are constant but they
can be changed according to the scenario (environment) [41]. The defaults
values given by the Ericsson model for urban areas are ag = 36.2, a; = 30.2,
ao = —12.0 and a3 = 0.1.

5.1.6 Free space path loss

It is a basic propagation model, which describes the propagation path loss
between transmitter and receiver in free space, with no obstacles that could
cause reflection or diffraction. It simply describes the reduction of the signal
power density as proportional to the square of the distance from the transmitter
and to square of the frequency, using the Friis formula:

PLps(dB) = 32.45 + 20log10dgm + 20log1o farm- (6)

where dj,, is the link distance and fj;7, is the frequency of transmission.

5.2 TV Transmitter Used

An analog terrestrial television (ATT) transmitter of one of the public TV
broadcasters in South Africa called South Africa Broadcasting Corporation
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2 (SABC2), located on latitude 33°52/31”S and longitude 18°35'44"E,
was used as a reference for the measurements. Its transmission parameters
obtained from the Terrestrial Broadcasting Frequency Plan 2013 document
by the Independent Communications of South Africa (ICASA) [42] are: UHF
channel = 22, frequency = 479.25 MHz, Effective Radiated Power (ERP) = 2
KW =63.01 dBm, antenna polarisation = vertical.

5.3 Measurements Points

Measurements were done at twelve locations at different distances from the
transmitter site. Table 1 shows the coordinates as measured with a GPS receiver
on the sites and their distances away from the transmitter. The table also shows
values of the height above average terrain (HAAT) of the sites calculated using
GLOBE 1 km Base Elevation database [43] with the number of evenly spaced
radials equal to 360° in each case. Figure 5 shows the measurement points
relative to the BS transmitter generated using google maps.

Table 1 GPS coordinates of measurement sites and their distances from the TV transmitter

Site Name Latitude Longitude = HAAT (m) dim
Tygerberg Natural Reserve —33°52'41" 18°36’1" 227 0.54
(SITE 1)

Harl Bremer Hospital —33°53'36" 18°36'34" 27 2.37
(SITE 2)

Bellville Business Park —33°53'59" 18°3630” —4 2.98
(SITE 3)

Parow Centre (SITE 4) —33°54/15" 18°35'52" —26 3.21
Tyger Valley Shopping —33°52/30” 18°38'1" 30 3.51
Centre (SITE 5)

Bellville Market (SITE 6) —33°54'12" 18°37'14” —11 3.89
Tygerberg Hospital —33°54'32" 18°36'56" -22 4.18
(SITE 7)

Bellefleur Flats, Bellville —33°54/17" 18°38'47" —14 5.71
(SITE 8)

Parow Industrial Area —33°55'36" 18°37'1” —19 6.04
(SITE 9)

University of the Western —33°56"2" 18°37'49” -9 7.26
Cape (SITE 10)

Unibell Train Station —33°56'15" 18°37'42" -7 7.55
(SITE 11)

Henry Peterson Residence —33°56'28" 18°37'54” -9 8.04

(SITE 12)




Systematic Analysis of Geo-Location and Spectrum Sensing 161

BS Transmitter 2 SITES A
HAAfB20m HAAT:)30fM M3l
5 verg SITE1 § - RIDGEWORTH

' HAAT: 227m '

s

LOEVENSTEIN

SN

SITE2
HAAT: 27m ,
g — —~ BELLVILLE
SITE 3 7k : »
MAN: SITES. [, & SITE 8
HAAT=-11m% (H1D2 SER g\ am

a SWEA4

§ rekker lt—‘}d
. A B M. - y
M16 SITE 7 —R==M10

““HAAT: -22m

3 SITE 9
SIS HAAT: -19m

& J.E ¢ = Cé—”e Peninsula &
~'b 7 o < P 3 A

NS University,of&=
- L agem. . university “Ng 7
P - ottt P lg)echnology- ,

N/ 3
:_ '¢Wé3terl1 BRATA-Om e =

e A
M ==

":f, MIOHAAT: -7m  SITE 12 | gy
b HAAT: -9¢f1

Figure 5 Measurement sites relative to BS transmitter.

o

5.4 Spectrum Measurements Setup

Outdoor spectrum measurements in the UHF frequency band were done at
the chosen locations using a hand-held RF Explorer model WSUB1G, which
has a measurement frequency range of 240 MHz to 960 MHz. The model
was fitted with a Nagoya NA-773 wide band telescopic antenna with vertical
polarization. The RF Explorer was connected to an Android phone running
the RfTrack program [44] developed at ICTP that starts to measure spectrum
immediately after the RF Explorer is connected using an On-The-Go (OTG)
cable. Figure 6 shows a sample screen of the measurements from the RfTrack
program. At each site, spectrum monitoring was done for 8 hours from 08:00
in the morning to 16:00 in the afternoon.
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@ %2 14:46

cquisition Parameters

GPS location: ~33.934164 -, 18.629768

Serial device: com.hoho.android.usbserial.
driver.Cp2102SerialDriver@42b2bba0
[Latitude: ’ -33.934075 -
Longitude: 18.629690]
Freq.: 634,500 . Max dBm: -71,5
[Latitude: -33.934144 -
Y.ongitude: 18.629705]
Frégq.: 529,500 . Max dBm: -69,5
[Latitude: — -33.934154 -
Longitude: 18.629686]
Freg.: 529,500 . Max dBm: -67,0
[Latitude: .934170 -
Longitude: .629675]
Freq.: 526,000 . dBm: -67.,0
[Latitude\: ¢ .934179 -
Longitude: .629679]
Freq.: 533,000 . dBm: -66,0

Figure 6 Android phone screen showing the measurement.

5.5 Results

The 8-hour measurements at each location in channel 22 from which the TV
transmitter was broadcasting were averaged to establish the received signal
power R,. We used the average value of the measured power at the closest
point to the BS transmitter (SITE 1) as a reference and estimate from there
the power received at longer distances along the same approximate radial by
using the Friis transmission equation [45] (Equation 7).

Pr(d) = Pr(d,) + 20 x log(d,/d) (7)

where Pr(d) is the received power at distance d in the same radial where
d, is calculated, Pr(d,) is the received power at a close-in-reference-
distance d,,.

In that way, we were able to compare the measurements with the values
obtained using Equation 7. As Table 2 shows, there is reasonable agreement
between the measured and calculated values. This confirm that the square
law dependence of power loss with distance is adequate in this case since
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Table 2 Comparison of calculated vs measured power

Measured —
Calculate Calculated
No. Name drm Measured (dBm) (Pr(d)) (dBm) (dBm)
1 SITE 1 do=0.54 Pr(do) = —80.39 Ref. power -
2 SITE 2 2.37 —97.30 —93.24 —4.06
3 SITE 3 2.98 —86.45 —95.23 8.78
4 SITE 4 321 —93.34 —95.87 2.53
5 SITE 5 3.51 —94.52 —96.65 2.13
6 SITE 6 3.89 —92.58 —97.54 4.96
7 SITE 7 4.18 —96.43 —98.17 1.74
8 SITE 8 5.71 —-97.75 —100.01 2.26
9 SITE 9 6.04 -91.77 —101.36 9.59
10 SITE 10 7.26 —97.33 —102.96 5.63
11 SITE 11 7.55 —94.25 —103.30 9.05
12 SITE 12 8.04 —94.23 —103.85 9.62

there are no obstacles in the trajectory. When obstacles are present, the factor
multiplying the logarithm can be as high as 40 instead of 20.

The value of the Effective Isotropic Radiated Power (EIRP) of the
transmitter, the gain and return loss of a receiving antenna determine the real
path loss. In this experiment, the transmitter antenna radiation pattern was
unknown, which brings in a degree of uncertainty about the real EIRP of the
transmitter in the direction where the measurements were made. Therefore,
we had to make the following assumptions in order to be able to analyse the
results further:

1. The published ERP of the TV transmitter (63.01 dBm) minus 2.15 dB
is the EIRP in the direction where the measurements were taken and
attribute the difference between the received power at the antenna input
of the spectrum analyzer and the power read by the spectrum analyser at
Site 1 as a resultant effect of the return loss and the antenna gain of the
Nagoya NA-773 wide band telescopic antenna at the received frequency
of 479.25 MHz of the TV transmitter.

2. The path loss at Site 1 (closest measurement point) from the TV transmit-
ter is assumed to be equal to the free-space path loss at the corresponding
0.54 km distance (d,). This value will be used to determine the received
power at other distances by modifying the second term of Equation 7.

Assumption 1 is based on the fact that the square law dependence of power loss
with distance is adequate and also that the measurements at similar distances
from the TV transmitter are similar as shown in Table 2.
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The effect of the return loss and the antenna gain of the Nagoya
NA-773 telescopic antenna was regarded as a correction factor (CF) to every
measurement. Using the FSPL Equation 8, the FSPL at 0.54 km distance and
at the broadcasting frequency of 479.15 MHz was calculated as 80.71 dB, and
the CF is then 60.54 dB (Assumed EIRP — measurement at Site 1 + assumed
propagation loss at Site 1).

Pr, = 32.45 + 20 % log(f) + 20 * log(d) (8)

where Py, is the free space path loss in dB, f is the frequency in MHz and d
is the distance in kilometers.

The calculated CF was added to every measurement power at each
location to get the corresponding antenna input power. Table 3 shows the
measured power by the spectrum analyser at each measurement location and
the corresponding spectrum analyser’s input power.

The path loss is calculated by subtracting the received signal at the antenna
input at each measurement location from the EIRP (60.86 dBm). For each
propagation model, the path loss from the TV transmitter is estimated for
distances corresponding to those at which measurements were taken using
their respective formulas. The path losses derived from the measurements
and those estimated by the propagation models are shown in Table 4. To
get a clearer picture of the losses predicted by the different models, they
were plotted in the graphs shown in Figure 7. Path loss errors (average
error, average absolute error, standard deviation, root mean square error
(RMSE)) between measurements and the propagation models are shown
in Table 5.

Table 3 Measured power and antenna input power

No. Name dim Measured (dBm) Antenna Input (dBm)
1 SITE 1 0.54 —80.39 —19.85
2 SITE 2 2.37 —97.30 —36.76
3 SITE 3 2.98 —86.45 —25.91
4 SITE 4 3.21 —93.34 —32.80
5 SITE 5 3.51 —94.52 —33.98
6 SITE 6 3.89 —92.58 —32.04
7 SITE 7 4.18 —96.43 —35.89
8 SITE 8 5.71 —97.75 —37.21
9 SITE 9 6.04 —-91.77 —31.23
10 SITE 10 7.26 —97.33 —36.79
11 SITE 11 7.55 —94.25 —33.71

12 SITE 12 8.04 —94.23 —33.69
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Table 4 Path losses
Path Losses (dB)
Ericsson
Name dkm  Measured FSPL L-R F(50,50) 9999 Egli Hata
SITE 1 0.54 80.71 80.71 99.70 54.33 90.68 86.32 108.88
SITE 2 2.37 97.62 93.56 97.10 68.19 110.18 112.01  131.17
SITE 3 2.98 86.77 95.55 99.50 68.19 110.18 11599 134.62
SITE 4 3.21 93.66 96.19 95.40 71.46 114.18 117.28  135.75
SITE 5 3.51 94.84 96.97 99.70 72.39 11536  118.84 137.09
SITE 6 3.89 92.90 97.86 98.80 73.52 116.72  120.62 138.64
SITE 7 4.18 96.75 98.48 99.60 74.32 117.66  121.87 139.73
SITE 8 5.71 98.07 101.19  109.70 77.90 121.78 12729 144.43
SITE 9 6.04 92.09 101.68 102.30 78.62 122.52 12827 145.27
SITE10 7.26 97.65 103.28 105.50 81.19 12494  131.46 148.05
SITE11 7.55 94.57 103.62 104.70 81.77 125.46  132.14 148.64
SITE 12 8.04 94.55 104.17 105.40 82.70 126.29  133.23  149.58

160,00

140,00

== LR
R

Egli

Ericsson 9939

Path Loss (dB)

—FSPL
F(50,50)

Measured+CF

&8 8 8 8 B
8 8 8 8 8
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Figure 7 Plots of path losses.

5.6 Discussion of the Results

From the plots of the path losses in Figure 7 and the path loss errors in Table 5,
the FSPL is the closest model to the measurements. This is not surprising since
itis a consequence of the underlying assumptions made to derive the path loss
from the measurements and due to the existence of a clear line of sight between
the TV transmitter and the measurement locations. The L-R (ITM), calculated
using Radio Mobile [37], was the closest fitting since it uses terrain elevation
data over the trajectory to compute the path loss. From the figure and the table,
the next model closest to the measurements was obtained from the F(50,50)
curves although it consistently overestimated the received signal power
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Table 5 Mean error, mean absolute error, standard deviation and RMSE

Path Loss Errors (dB)
Measured &
Measured & Measured & Measured & Ericssion Measured & Measured &

Name FSPL L-R F(50,50) 9999 Egli Hata
SITE 1 0.00 18.99 —26.38 9.98 5.61 28.17
SITE 2 —4.06 —0.52 —29.43 12.56 14.40 33.55
SITE 3 8.78 12.73 —16.10 26.43 29.22 47.86
SITE 4 2.53 1.74 —22.20 20.52 23.63 42.09
SITE 5 2.13 4.86 —22.45 20.52 24.00 42.25
SITE 6 4.96 5.90 —19.38 23.82 27.72 45.74
SITE 7 1.74 2.85 —22.43 20.91 25.12 42.98
SITE 8 3.12 11.63 —20.17 23.71 29.22 46.36
SITE 9 9.59 10.21 —13.47 30.43 36.18 53.18
SITE 10 5.63 7.85 —16.46 27.29 33.81 50.40
SITE 11 9.05 10.13 —12.80 30.89 37.57 54.07
SITE 12 9.62 10.85 —11.85 31.74 38.69 55.04
Mean 4.42 8.10 —19.43 23.23 27.10 45.14
Mean 5.10 8.19 19.43 23.23 27.10 45.14
absolute

Standard 4.32 5.45 5.49 6.87 9.67 8.11
deviation

RMSE 6.06 9.64 20.12 24.15 28.64 45.80

(lower path losses). As a consequence of using the F(50,50), some available
channels will be precluded for WSD use because they would be incorrectly
flagged as occupied when in fact the received power is below the threshold.
This is one of the failings of the F(50,50) curves, they over predict both
coverage and interference distances particularly when used with the low
resolution 30 arc-second terrain elevation database [46]. The Ericsson 9999,
Egli and Hata models underestimated the received signal power since their path
losses are greater than the path losses derived from the measurements done
at each location, so their use in a geo-location database would not adequately
protect primary users.

Although the FSPL model is closest to the measurement data as its
RMSE (6.06 dB) from Table 5 falls within the acceptable range of 67 dB
for urban areas [47], we cannot extrapolate this results to other types of
terrain different from the one used in this work. Extensive long-hours spectral
measurements are needed and also more measurement sites need to be included
to confirm the validity of a model for the area, which may be costly and time
consuming.
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6 Experimental Bench-Marking

Related experiments have been conducted in other regions of the world. A
comparison is made between those experiments and our experiment in terms
of equipment used and the results obtained.

Commercial high-end spectrum analyzers for monitoring the RF spectrum
are expensive (in the order of many thousand dollars) and are not typically
available in university laboratory of most developing countries [48].

However, affordable off-the-shelf RF spectrum analyzers are becoming
available, making them more attractive to the developing world. A random
sample of the literature covering experiments to measure path losses shows
that low-cost, portable and easy-to-use spectrum analyzers are being preferred
over the expensive and bulky commercial high-end spectrum analyzers.
Table 6 shows some of the surveyed experiments. In the table, all except
two experiments, [49] and [50], used a variation of the low-cost, easy-
to-use, portable RF spectrum analyzer. In [49], the commercial high-end
spectrum analyzer was used while in [50], the type of RF spectrum ana-
lyzer used was not mentioned. The preference for easy-to-use and low-cost
RF spectrum analyzers confirms their adequacy for spectrum occupancy
measurements.

Different best-fit propagation models were found by the experiments. This
is in agreement with the finding that propagation models are environment
and area dependent. The FCCs recommended terrain-based modeling such as

Table 6 Experiments bench-marking

RMSE for
Location Spectrum Best-Fit Best-Fit
Country Classification Analyzer Model Model (dBm)
Greece [51] urban Rohde & Longley-Rice 3.60
Schwarz IT™
FSH-3
Brazil [49] urban ANRITSU ITU-RP.1546 11.29
MS8901A
Nigeria [52] urban, N9342C None —
suburban, Agilent
rural
Namibia [50] urban unknown Ericsson 3.73
Malawi [53] Semi-urban Handheld SPM —
Spetrum
Analyzer
South Africa urban RF-Explorer FSPL 6.06

(our experiment)
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the Longley-Rice propagation methodology performed well in experiment
[51] with an RMSE of 3.60 dB. In [49], ITU-R P.1546 was found to be
the best-fit model with RMSE of 11.29 dB in three of the five cities where
the experiment was carried out. In [52], no single model was found that
produced a good fit consistently in all the areas experimented. In [50], Ericsson
propagation model was the best-fit model with RMSE of 3.73 dB after a
correction factor was added to the models equation. In [53], Standard Prop-
agation Model (SPM) in the Asset network planning tool fitted well with the
measurements.

Experiments performed in different environments found dissimilar best-
fitted propagation models. This clearly shows that propagation models cannot
be extrapolated from one area to another. The best way to assess the fitness of
amodel in an area is by carrying out RF spectrum measurement and compare
the results with those predicted by a given model.

7 Conclusion

Discussions in the literature, mostly based on the developed world environ-
ment, have placed much emphasis on the limitations of the spectrum sensing
approach while ignoring the limitations of the geo-location database approach
when applied in the developing world. This paper considered a broader
analysis of the situation by looking at factors that can affect the performance
of each approach and how these factors can affect their applicability in
developing regions. In so doing, the paper has highlighted the need to conduct
more research on the performance of spectrum sensing in regions where
plenty of white spaces are available, e.g., rural areas of developing world
countries.

Our analysis concludes that information that is needed by the geo-location
database approach to perform optimally may not exist in most developing
world countries, especially in the rural areas where telecommunication infras-
tructure is lacking and white spaces are abundant. Based on the absence
of factors required by the geo-location approach to perform optimally, and
considering the implementation, maintenance and administrative cost of geo-
location approach, we have concluded that spectrum sensing is a better
approach to use in rural areas of developing world countries. However, further
investigations of (i) the management of white spaces to support their efficient
trading between their primary and secondary users and (ii) propagation
characteristics of their waves when used for outdoor deployments [54] are
needed to support their wide-scale deployment in the regions of the developing
world. These investigations are a potential avenue for future work.
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